SYNOPSIS. Sexual differentiation of the endocrine and behavioral components of the avian reproductive system occurs throughout embryonic development, initiating some of the early cellular events that form the central nervous system (CNS) and culminating in the organization of male or female neuroendocrine responses. Early cellular events have been studied intensively in recent years and these developmental processes appear to involve specific growth factors in the development of certain tissues. Subsequent to cellular differentiation, primordial germ cells migrate to the appropriate anatomical location and contribute to the development of the single ovary or testes; steroidogenesis begins soon thereafter. Other portions of the hypothalamo-pituitary-gonad (HPG) axis also appear during early embryonic development with migration of the gonadotropin-releasing hormone (GnRH) neurons from the olfactory region of the CNS to the midbrain and separate formation of the pituitary gland. The gonadal steroid hormones affect development of accessory sex structures as well as the later organization of neuroendocrine regulatory systems and secondary sex characteristics. Manipulation of steroids during embryonic and early posthatch periods results in altered endocrine and behavioral responses in adult birds. There are marked species differences in the timing of these events, especially when precocial and altricial species are compared. Altricial species hatch in a less developed state and as such are more dependent on parental care. Of necessity, the precocial species must be capable of feeding and other motor capabilities at hatch and coincidentally their other physiological systems also appear to be more mature at this time. Finally, there is the separate issue of song birds versus those avian species that do not have elaborate learned songs. It appears that most of the species with elaborate neural circuitry responsible for song are altricial. This may benefit them from the standpoint of gaining more time and contact with the parents to enable them to learn the appropriate song. There are also hormonal and neuroendocrine components critical in the process of song development. Finally, the effects of environmental factors, such as endocrine disrupting chemicals take on added significance when viewed in the context of exerting permanent organizational effects which are likely to alter endocrine and behavioral components of reproduction in the adult.
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A great deal of research has focused on this latter period in sexual differentiation, particularly relative to the sexual differentiation or organization of behavioral and neuroendocrine systems. Much of endocrine and behavioral research has focused on two sets of species: the song birds (passerines), which develop complex sexually dimorphic behavioral song, and other species, such as the galliformes that do not have complex song as adults, but do show sexually dimorphic reproductive responses. We will briefly overview the information on song birds and then place our primary focus on the sexual differentiation of galliformes, with concentration on differentiation of the HPG axis and the neuroendocrine systems that appear to be involved in hypothalamic differentiation. Our review begins with a short discussion on early cellular differentiation in the avian embryo to be followed by later developmental aspects of sexual differentiation of central neuroendocrine systems.
EARLY CELLULAR DIFFERENTIATION AND GONADAL DEVELOPMENT
The avian embryo is relatively advanced at oviposition prior to incubation. At this point most avian embryos already have 40,000 to 50,000 cells and have undergone at least partial cellular differentiation (Petite and Karegenc, 1996) . There has been considerable research conducted on the developmental processes that occur in the early embryonic stages. In both chickens and quail, the preoviposition stages in the development of the blastodisc have been detailed (Eyal-Giladi and Kochav, 1976; Olszanska et al., 1983; Hargrove, 1993) . We have utilized prostaglandins to induce premature ovulation (Hargrove and Ottinger, 1992) . Using this technique, we confirmed that both cell number and size change during the preoviposition developmental period. In addition, there is evidence for the initiation of transcription in both the chicken and quail embryo during this period (Olszanska et al., 1983; Hargrove, 1993) . Interestingly, we also observed an apparent pause in embryonic development in the chick embryo when in vitro incubation was attempted, similar to observations in the rat embryo. This raises the question of the role of chemical factors, specifically growth factors that direct and modulate these developmental processes. In subsequent work, we observed immunostaining of, and gene expression for, insulin-like growth factor-1 (IGF-1) within 12 h of post oviposition development (McGuinnes et al., unpublished data) . Further, it is interesting to note that the localization of the IGF-1 and other specific growth factors are found in the area of the developing notochord and therefore may play a role in the early development of neural systems. These data complement other findings in which other growth factors, including insulin-like growth factor-2 (IGF-2) and homeobox genes direct the cellular differentiation of tissues, organs, and organ systems in early development (Fainsod and Gruenbaum, 1995; Petite and Karagenc, 1996) . Therefore, these early events set the stage for later differentiation of male and female specific systems and the cascade of events leading to later organization of the CNS.
Primordial germ cells have been described early in incubation and exhibit some sex differences in cell characteristics at the time of colonization of the genital ridges (Zaccanti et al., 1990) . The gonads develop from a morphologically "indifferent" state and exhibit at this embryonic time detectable steroid hormone production by 3.5 days of incubation in the embryo of the domestic fowl (Woods and Podczaski, 1974; Woods and Erton, 1978) and 5.5 days in the quail (Scheib et al., 1985) . Early steroid production is critical to appropriate development of accessory sex structures, including in the female regression of the right mtillerian duct and gonad (Guichard et al., 1979; Wolff, 1979; Hutson et al., 1985) . In addition, the testes contain relatively more androgen than 17|i-estradiol (E 2 ) and the left ovary has higher levels of E 2 compared to androgen (Woods and Podczaski, 1974; Woods and Erton, 1978; Tanabe et ah, 1979 Tanabe et ah, , 1986 . The role of gonadal steroids in sex-specific development was further supported by the disruptive effects of embryonic exposure to steroids, antiestrogen, or to aromatase inhibitor during early development (Scheib et al, 1984; Elbrecht and Smith, 1992; Stoll et al, 1993; Perrin et al., 1995; Shimada et al, 1996) . Results from these experiments provide evidence that E 2 is a critical element in the development of the female system and regression of the male system. Further, it appears that both the male and the female use the gonadal steroids or possibly a ratio of these steroids in the development of the left ovary in the female, testes in the male, and the appropriate accessory sex structures. Finally, it should be noted that in the experimental work, exogenous treatments generally use the pure steroids, i.e., estradiol or testosterone, whereas the assays of endogenous steroids usually measure estrogen (primarily estradiol) and androgen (primarily testosterone).
Do SONGBIRDS AND GALLIFORMES FOLLOW SIMILAR DEVELOPMENTAL PATTERNS?
Endogenous endocrine patterns and ejfects of exogenous hormonal treatments A great deal of research has been directed at the ontogeny of song birds, especially relative to the development of song and the CNS areas that are involved in these behaviors. These developmental processes are complex and encompass endocrine events and learning. For the purpose of this review, we will overview only the ontogenetic hormone patterns of some songbirds and discuss the apparent roles of E 2 and testosterone (T). The reader is referred to the reviews and papers cited below as a starting point for this large literature. In the case of galliformes, there appears to be a somewhat less complex sequence of ontogenetic events culminating in sexual differentiation of endocrine and behavioral components of reproduction. Several laboratories have measured endogenous levels of the gonadal steroids during the perinatal and posthatch developmental periods in songbirds (Adkins-Regan et al., 1990a, b; Adkins-Regan and Ascenzi, 1990; Arnold and Schlinger, 1993; Arnold et al., 1996) . Unfortunately, the results of these investigations are not in complete agreement. However, several interesting observations have been discussed in the literature. First, there is not a clear sex difference in the circulating gonadal hormone concentrations just prior to hatch or during the first week posthatch. This is particularly interesting because hormone treatments during this time are particularly effective in altering later behavioral responses (Adkins-Regan et al., 1994) . Second, birds that are castrated at an early age do not show complete loss of circulating gonadal steroids (Adkins-Regan 1990; . This implies that there is an extra-gonadal source for some of these steroids and, as we will discuss later, may be of adrenal origin if songbirds follow similar developmental patterns to that observed in quail (Abdelnabi, 1990) . Finally, E 2 appears to play a primary role in the sexual differentiation of endocrine and behavioral responses of songbirds (Arnold and Schlinger, 1993; Adkins-Regan et al., 1994) . This also means that exogenous hormone administration alters the relative proportion of estradiol to testosterone in the embryo, thereby exposing the fetal brain to disproportional levels of these steroids. That said, it is also likely that the enzyme aromatase plays a critical role in the central availability of estradiol by metabolizing the circulating testosterone in specific regions of the CNS. It may be that one role of aromatase is to precisely control specific steroid exposure (E 2 vs T) in a dimorphic manner relative to the "organization" of the behaviorally responsive areas. Because of the complex nature of the development of song, zebra finches and other song birds appear to have a developed an elaborate process in their sexual differentiation. In fact, the control of early gonadal development, steroidogenesis, and hypothalamic development may be quite similar to galliformes whereas they diverge in the development of sexually dimorphic behaviors. Therefore, in summary, several points must be emphasized. First, evidence points to E 2 as being very potent in demasculinizing or feminizing the male, similar to galliformes. Second, ex-ogenous E 2 can result in masculinization of the female song system under certain circumstances. Third, removal of steroid effects in males via surgical or pharmacological treatments has not clearly blocked masculinization, implying that the male also requires some steroid exposure during sexual differentiation (or exposure to a relative ratio of E 2 T). As such, the precise role of steroids in sexual differentiation of the songbird is still in question.
EMBRYONIC ENDOCRINE PROFILES AND BEHAVIORAL DIFFERENTIATION IN GALLIFORMES

Development of the HPG axis: The GnRH system
The hypothalamus, pituitary gland, and gonads initially function as independent entities with evidence of HPG function and feedback response between 12-14 days of embryonic development in the chick embryo (Woods and Thommes, 1984; Woods et al, 1989a) . As in mammals, the GnRH neurons originate in the olfactory placode (for review, see . During early development in the chick embryo, a subpopulation of cells that originate in the olfactory epithelium migrate along the olfactory nerve (Gao et al, 1996) . These cells have been observed at embryonic day 3; ablation of the olfactory area at embryonic days 2-3 causes a loss of this subpopulation of GnRH cells (Norgren and Brackenbury, 1993) . These cells migrate along the medial portion of the olfactory nerve and appear to use cell adhesion molecules and N-cadherin as signal molecules; neurons containing other peptides are also found in close proximity . By embryonic day 5 the GnRH containing neurons have reached the telencephalon and begin to migrate dorsal and caudal to come to rest in the lateral septal (SL) and preoptic (POA) regions by embryonic day 7. These studies used primarily an antibody which recognizes both forms of GnRH that are found in birds, chicken GnRH-I (cGnRH-I) and chicken GnRH-II (cGnRH-II). Additional studies have found that the SL and POA neurons contain primarily cGnRH-I, which is the form thought to function in the reg- ulation of reproductive function (for reviews, see Ottinger, 1992; . Further, several studies have monitored changes in the GnRH content during ontogeny. In the chick embryo, GnRH was identified immunocytochemically in the CNS at 4.5 days of incubation (Woods et al., 1985) . Hypothalamic GnRH-I content was found to increase between days 6-8 of incubation and then decline on day 12 of incubation (Millam et al., 1996) . We have found a similar pattern in the quail embryo in that cGnRH-I was found at day 6 of incubation, increased to a peak at day 13 of incubation and then fell sharply to stay relatively low between days 15-18 of the 18-day incubation (Table \; \Aet al, 1991) . This pattern in cGnRH-I concentrations appears to reflect the initiation of feedback regulation in the HPG axis. This is supported by the observation that the concentration of both 17(3-estradiol and androgen receptor-positive cells in the chick embryo hypothalamus and pituitary gland increase sharply between days 10.5-12.5 of incubation in both the male and the female (Woods et al., 1994 (Woods et al., , 1995 . Further, these investigators found colocalization of estradiol in cells that contained estradiol receptors and androgen colocalized with the androgen receptors, implying that the system has the capability of actively responding to the presence of the gonadal steroids at this stage in ontogeny.
Ontogenetic patterns in endogenous gonadotropins and gonadal steroids
Following initial gonadal development and steroidogenesis, the HPG axis function begins just after the half way point in embryonic development. Further there are sex specific hormonal patterns in the domestic chicken with circulating androgen levels peaking at day 13.5 of incubation in males, whereas 173-estradiol levels slowly increase in females until hatching (Woods et al, 1975; Woods and Brazzill, 1981; Woods and Thommes, 1984; Woods et al, 1989a) . Higher E 2 levels compared to other estrogens were also observed in both the male and female, with the female exhibiting relatively higher E 2 to androgen ratio at hatching (Bercovitz et al., 1985) . The source of these plasma steroids appear to be primarily gonadal with some contribution from the adrenal gland, particularly for progesterone (Tanabe et al., 1979) .
The HPG axis appears to be functional between 11.5 and 14.5 days of incubation (Woods et al, 19896) . Interestingly, these researchers found that opioid peptides appear to participate in this developmental sequence because administration of naloxone lowered plasma testosterone levels in the 14.5 day embryos, implying that there is an inhibition of the system via the neuroendocrine regulatory pathways. Pituitary gland production of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) mirrored other endocrine developmental patterns with increasing gonadal binding for these hormones during the mid to latter portion of embryonic development (Gonzalez et al, 1987; Woods et al, 1989a) .
Endocrine profiles in the quail embryo
The quail embryo follows a similar ontogenetic pattern in circulating steroid hormone concentrations, with estradiol levels consistently higher than androgen levels in the female whereas the opposite was observed in males. Again this agrees with previous observations in the chick embryo (Woods and Brazzill, 1981) . These high levels of E 2 are likely to reflect the importance of this hormone in the process of sexual differentiation. In the female, there was a gradual increase in circulating estradiol during embryonic development until hatch and then a decrease in estradiol levels, posthatch (Abdelnabi, 1990) . In males, circulating concentrations of androgens were elevated at days 8 and days 14-17 with a decline relative to earlier concentrations, posthatch (Ottinger and Bakst, 1981) . This observation was particularly interesting because the testes did not show electron microscopic (EM) evidence of steroidogenesis. Conversely, the female has relatively high levels of gonadal steroids and the ovary appears steroidogenic at the EM level (Ottinger et al, unpublished data) . In subsequent experiments, we measured both gonadal and adrenal steroid content in an effort to determine the major source of these steroids. This was based on the observation that there is significant steroid production by the adrenal gland in the prehatch chick which shifts to primarily corticosterone synthesis, posthatch (Tanabe et al, 1979 (Tanabe et al, , 1986 . Findings in quail embryos supported these findings in that the adrenal gland contained substantial concentrations of steroids (Abdelnabi, 1990) . However, there was no discernable ontogenetic pattern in the adrenal steroid content in that it remained relatively constant throughout embryonic development. Conversely, gonadal content of steroids in both males and females reflected the changes we observed in the plasma levels of the steroids. These data imply that the gonads are the source of the ontogenetic pattern observed in the plasma steroids during ontogeny in the quail embryo.
Differentiation of sexual behavior
A great deal of research has focused on altered adult sexual behavior of the Japanese quail associated with the administration of steroid hormones (testosterone; T and E 2 ) or with blockage of hormone action during the embryonic and early posthatch period. These studies point to potent effects of these steroids, particularly E 2 , in the sexual differentiation of male or female behavior. However, some of the data are confusing, in that timing of experimental manipulations and the neuronal targets affected by these treatments are somewhat unclear. Studies in the songbird galliforms and embryos have shown that exogenous gonadal steroids affect morphological, endocrine (DeVoogd, 1991; Arnold, 1992; Gildersleeve et al, 1985; Ottinger, 1989; Nordeen et al., 1987) , and biochemical aspects of sexual differentiation of the CNS, which in turn regulate the expression of male and female patterns of hormone secretion and sexual behavior. The extent to which the embryos is exposed to T, E 2 or various agonists or antagonist of the sex steroid hormones influences the nature of sexual differentiation of the brain in birds (Adkins, 1976 (Adkins, , 1979 Adkins-Regan, et al, 1982; Schumacher and Balthazart, 1984; Schumacher et al. 1989; Foidar et al., 1995; Balthazart et al, 1996) . Studies by Adkins-Regan and her coworkers have demonstrated that treatments up to embryonic day 12.0 with either T or E 2 were effective in altering later expression of sexual behavior and that E 2 was extremely effective in eliminating male sexual behavior (Adkins-Regan et al., 1982; Rissman et al, 1984; Adkins-Regan and Ascenzi, 1985; Adkins-Regan, 1985 ; for review, see Adkins-Regan et al, 1994) . Injection of an antiestrogen into quail eggs masculinized sexual behavior of the female, whereas T or E 2 demasculinized sexual behavior in the male quail, possibly due to the conversion of testosterone to estrogen through aromatization (Adkins, 1976 ) Adkins-Regan et al, 1982 . Endogenous androgen levels in male quail embryos were consistently higher than plasma E 2 levels throughout development and the reverse was found in female quail embryos (Abdelnabi, 1990 ). This is of interest, especially if the testosterone could aromatize to estrogen in the brain, and the latter hormone is responsible for demasculinization of the male behavior (Adkins, 1979; Adkins-Regan and Ascenzi, 1985) . This apparent contradiction might be addressed in light of data available about the male system during the critical period for sexual differentiation. Available data has shown higher activity of 5f$-reductase enzyme in the brain of the male embryos between days 7 and 15 of incubation (Balthazart and Ottinger, 1984) . This enzyme possibly protects males from being behaviorally demasculinized by metabolizing testosterone in the brain into 5(3-DHT and not to E 2 (Balthazart and Ottinger, 1984) .
An alternative hypothesis is that sexual differentiation of endocrine components of the reproductive system respond to a ratio of E 2 to androgen (primarily T) rather than the presence or lack of exposure to E 2 . Most experiments involving embryonic steroid exposure have examined behavioral effects and results have implicated estradiol as a critical factor in differentiation of female sexual behavior. However, it may be that the ratio of estradiol and androgen actually provides the critical signal for the sexual differentiation of endocrine components of the reproductive system.
Target areas in the hypothalamus and monoamines
Hormonal and behavioral components of reproduction are regulated by areas in the hypothalamus that contain catecholaminecontaining neurons (for review Ottinger, 1989) . Because monoamine systems are critical to both endocrine and behavioral components of reproduction, we conducted experiments to study the effects of steroid exposure during the embryonic and early postnatal period on later development and brain neurochemistry in an effort to understand the nature of the permanent organizing effects of the steroid hormones. Japanese quail representing 9 ages, 2 sexes and 3 treatments [estradiol benozoate (EB), testosterone propionate (TP) or with oil as vehicle] were studied during embryonic and early posthatch periods. A subset of males maintained on short photoperiod were sampled at 4 weeks of age following TP implants and then behaviorally tested (females were not implanted and tested). Monoamine content of the POA was determined by high performance liquid chromatography (HPLC) with electrochemical detection at all ages and with treatment. The results of this study showed that females had higher levels of norepinephrine (NE) and serotonin (5HT) than males over the developmental period studied (Abdelnabi, 1990) . These differences may reflect sex-specific patterns as a result of an interaction between gonadal steroids and monoamines in the brain. This finding was mirrored in the turnover of the monoamines following a-methyltyrosine (inhibitor of synthetic enzyme in catecholamine pathway) exposure. In addition, levels of monoamines in the brain were per-manently altered as a result of early exposure to steroid hormones. Therefore, this study indicated several changes in the monoaminergic brain levels due to early treatment with steroid hormones; such changes may permit anticipation of the course of behavior differentiation. Injection of either EB or TP in early embryonic development and posthatch resulted in demasculinization of males possibly via effects on these and other neural systems. Treatment with steroids was more effective if given before day 14 of incubation. These data confirm Adkin's results (Adkins, 1979) , in which injection of quail eggs with EB caused demasculinization of posthatch males when it was injected on day 10 or 11 but has no effect when given on day 14 of incubation. Schumacher et al. (1989) found that EB totally suppressed sexual behavior if it was injected on day 9 prehatch. On the other hand, we have found an elevation of 5HT in both sexes on days 10, 12 and 14 prehatch. This response was higher in E 2 treated group compared to the other treatments. For dopamine (DA), two peaks were observed in the females at days 10 and 12 prehatch as a result of EB injection. The opposite was found on day 1 posthatch in males where treatment with EB decreased the DA levels. NE levels showed an elevation at days 3 and 7 in EB treated females, while a decrease in NE concentrations was found in TP treated birds in both sexes. Harding and her coworkers have found an association of specific monoamine systems with CNS nuclei associated with the development of song in the zebra finch (Harding et al., 1997) . Taken together, these data provide evidence that neurotransmitter systems that modulate endocrine and behavioral components of reproduction are likely to be permanently altered by steroid exposure during sexual differentiation. These data showed that estrogen had the most effects upon the brain monoamines compared to the other treatment. In addition, females showed more changes than males; consequently, these observations may point to the existence of a sensitive period for hormone action on the developing brain as established for the differential effects of steroid hormones in male and female Japanese quail (Adkins 1979; Shumacher and Balthazart, 1984; Shumacheref al., 1989; Foidart et al., 1995; .
Finally, there are a multitude of "organizational" effects of steroid hormones in addition to those observed in the monoamine system. There are sexually dimorphic characteristics in the hypothalamic medial preoptic area (MPOA) in the Japanese quail. These differences are determined by embryonic steroid exposure and are apparent in terms of sexually dimorphic patterns in MPOA morphology and in the presence of specific neuroendocrine and neuropeptide systems (Panzica et al., 1987 ; for review, see Panzica et al., 1996) . Therefore, the organizational effects of steroid exposure during embryonic development are permanent. These sexually dimorphic morphological, neuroendocrine, neurochemical, and neuropeptide characteristics are completely functionally expressed (activated) in the adult as sexually dimorphic endocrine and behavioral responses. The gonadal steroids, E 2 and T are key players in the sequence of events leading to sexual differentiation and the timing of exposure is critical. This means that exposure to environmentally active agents, such as endocrine disrupting chemicals, could have potent effects on both endocrine and behavioral responses in the adult. It has already been shown that maternal transfer of E 2 from the quail female via the egg yolk affects the sexual differentiation of the embryo (Adkins-Regan et al., 1995) . Therefore, it becomes more urgent for us to understand these processes and develop strategies to deal with these challenges in wild bird populations.
